abstract: Since the birth of the first IVF-conceived child in 1978, the use of assisted reproductive technologies (ART) has grown dramatically, contributing to the successful birth of 5 million individuals worldwide. However, there are several reported associations of ART with pregnancy complications, such as low birthweight (LBW), preterm birth, birth defects, epigenetic disorders, cancer and poor metabolic health. Whether this is attributed to ART procedures or to the subset of the population seeking ART remains a controversy, but the most relevant question today concerns the potential long-term implications of assisted conception. Recent evidence has emerged suggesting that ART-conceived children have distinct metabolic profiles that may predispose to cardiovascular pathologies in adulthood. Because the eldest IVF individuals are still too young to exhibit components of chronic middle-aged syndromes, the use of animal models has become particularly useful in describing the effects of unusual or stressful preimplantation experiences on adult fitness. Elucidating the molecular mechanisms by which embryos integrate environmental signals into development and metabolic gene expression programs will be essential for optimizing ART procedures such as in vitro culture conditions, embryo selection and transfer. In the future, additional animal studies to identify mechanisms underlying unfavorable ART outcomes, as well as more epidemiological reviews to monitor the long-term health of ART children are required, given that ART procedures have become routine medical practice.
Introduction
The use of assisted reproductive technologies (ART) such as IVF and ICSI has increased dramatically worldwide since the birth of the first IVF-conceived child in 1978. ART has been a source of incredible joy to a very large number of families, contributing to the birth of over 5 million babies (ICMART, 2012) . Indeed, the great majority of children are healthy with normal development. At the same time, reports of an increased prevalence of birth defects, epigenetic disorders and adverse pregnancy outcomes such as low birth weight (LBW) shorter gestational age and multiple births suggest possible dangers associated with ART. Given that one of the primary goals of medical care is not to harm (the Hippocratic: 'primum non nocere'), it is of paramount importance that studies are conducted to assess the health of ART children. Additionally, because the eldest IVF-conceived individuals are too young to exhibit signs of chronic middle-age syndromes or age-related diseases, long-term studies on the impact of ART on adult health need to be performed. This review will describe the risk of ART in human pregnancy and delineate the potential mechanisms responsible for the observed health outcomes using the rodent model. Excellent reviews on ART outcome in other species are available Grace and Sinclair, 2009 ).
Confounding factors
ART procedures are used for the most part by individuals who failed to conceive spontaneously. Unfortunately, the majority of epidemiological studies compare ART outcomes with those of fertile populations, rather than to the results of a subfertile population conceiving spontaneously. This is important as infertility per se is a credible risk factor for multiple health complications. In fact, there is evidence that women with a history of infertility are at greater risk for antenatal health complications, such as miscarriage, LBW or malformation (Isaksson et al., 2002; Kovalevsky et al., 2003; Schieve et al., 2004; Chung et al., 2006; Davies et al., 2012) . In addition, infertile women are known to have an increased prevalence of cardiovascular disease (Parikh et al., 2012) , depression (Wilkins et al., 2010) and certain types of reproductive cancers, such as uterine cancer (Brinton et al., 2005) . Investigations into perinatal effects of subfertility have revealed that compared with the general population, spontaneously conceiving subfertile women are at risk for hypertension, pre-eclampsia, antepartum hemorrhage and other labor complications, as well as bearing infants preterm or with LBWs (Thomson et al., 2005; Jaques et al., 2010) . Additionally, one study revealed that the prevalence of congenital malformation is positively correlated with increased time to pregnancy (Zhu et al., 2006) . Finally, comparison of naturally conceiving subfertile women with those treated with ART did not reveal any statistically significant differences in rate of Cesarean section, preterm birth, size for gestational age, requirement of neonatal intensive care or low Apgar score (Raatikainen et al., 2012) . In contrast, there was a significantly increased risk of preterm delivery, LBW and need for neonatal intensive care if the untreated subfertile group was restricted to women naturally conceiving within 6 months, suggesting that prolonged infertility can affect perinatal outcome. It is unclear, however, whether particular etiologies of infertility pose greater risk than others (Schieve et al., 2007; Romundstad et al., 2008) . A valuable study on this topic demonstrated that the correlation of ART conceptions with lower birthweight, shorter duration of gestation and perinatal death was not present among women who conceived singleton pregnancies both spontaneously and after ART, suggesting a greater effect of infertility on outcome than ART procedures (Romundstad et al., 2008) .
A different caveat to investigations of ART outcomes is that the population using ART tends to be older. Unlike the average age of 23 for first (spontaneous) conception in the USA, the typical ART user is 36 years old (CDC; Martinez et al., 2012) . By comparison, in 2009 , the average maternal age of first child conceived spontaneously versus using ART was 28 versus 35.8 in Australia, and 30 versus 35.1 in the UK (OECD, 2011; Wang et al., 2011; Authority, 2012) . Therefore, women who conceive with ART are more likely to enter pregnancy with pre-existing medical conditions, such as diabetes (Schieve et al., 2007) .
Perinatal complications associated with ART use
A large number of studies have analyzed the outcome of ART pregnancies. While multiple adverse medical conditions have been linked to the use of assisted reproduction (Table I) , it is clear that the most significant and consistent risk associated with the use of ART is the increased incidence of multiple pregnancies. The American Society of Assisted Reproductive Technology (SART) in 2010 (Technology, 2012) reported a 32.4% annual incidence of twins in women under the age of 35, indicating a relative risk (RR) 20-fold greater when compared with spontaneous conceptions (1.2% or 1/80 pregnancies; Martin et al., 2012) . The incidence of higher-order multiple pregnancies (triplets or more) is 1.5% (Technology, 2012) or hundred fold greater than in natural conception (,27.3 per 100 000 births or ≤0.027%; Martin et al., 2009 monozygotic twins is increased at least 2-fold in ART gestations (Vitthala et al., 2009) . Multiple gestations are strongly associated with increased risk of preterm deliveries (PTD; defined as less than 37 weeks gestation) and LBW (defined as a weight of ,2500 g). LBW and PTD are both associated with severe negative neonatal outcomes (Jackson et al., 2004) . This includes increased risks of necrotizing enterocolitis, cerebral palsy, neuromotor and cognitive dysfunctions and behavioral difficulties (Saigal et al., 1991; Lems et al., 1993; Holman et al., 1997; O'Shea et al., 1998; Buck et al., 2000; Saigal, 2000; Hille et al., 2001) . Additionally, PTD is one of the predominant contributors to ART health care costs (Luke et al., 1996) : charges for hospitalization increase as gestational age and birthweight decrease (Cuevas et al., 2005) . In 2001, fees for PTD and LBW totaled $5.8 billion and represented 47% of all costs for infant hospitalizations in the USA (Russell et al., 2007) . There is controversial evidence that the outcomes of ART twin gestations are worse than spontaneously conceived twin pregnancies. A meta-analysis of 14 studies determined that IVF twins had an increased risk of PTD and LBW (McDonald et al., 2010) . However, others have reported that twins conceived with ART demonstrated perinatal risks similar (Schieve et al., 2002) or somewhat better (Boulet et al., 2008) compared with twins in the general population. Additional, well-controlled studies are necessary to fully elucidate the effects of ART on twin outcome.
Unfavorable obstetric outcomes after ART are often attributed to multiple gestations, but have also been observed in singleton pregnancies. This includes antepartum hemorrhaging (placenta previa, placenta abruption, uterine bleeding), preterm rupture of membranes Pandey et al., 2012) , gestational diabetes, labor induction and pregnancy hypertensive disorders such as pregnancy-induced hypertension (Jackson et al., 2004; Romundstad et al., 2006; Shevell et al., 2005; Pandey et al., 2012) . Increased hypertension in pregnancy is especially significant because these conditions are related to insufficient trophoblastic invasion into the myometrium (reviewed in Furuya et al., 2008) . Prevalence of preterm delivery is greater (Helmerhorst et al., 2004; Jackson et al., 2004; McDonald et al., 2009) , and ART singletons are at risk of low (,2500 g) and very low (,1500 g) birthweight, including in gestations lasting more than 37 weeks of length (i.e. gestation at term) (Schieve et al., 2002; Helmerhorst et al., 2004; Jackson et al., 2004; McDonald et al., 2009; Pandey et al., 2012; Camarano et al., 2012) . Compared with spontaneous conceptions, perinatal mortality and admission into neonatal intensive care are higher in ART pregnancies (Helmerhorst et al., 2004; Jackson et al., 2004; Sutcliffe and Ludwig, 2007; Pandey et al., 2012) . These risks persist after the removal of factors such as ovulation induction or transfer of multiple embryos (Pandey et al., 2012) . Notably, these incidences continue to be observed in ART pregnancies today, demonstrating that in spite of advances in the field, there are still unfavorable consequences.
Overall an increase in Cesarean delivery as opposed to operative vaginal delivery following ART has been described (Pandey et al., 2012) . This could be related to an increase in the severity of complications that would require a more aggressive surgical intervention. Conversely, the greater incidence of Cesarean section would suggest a more cautious management of ART pregnancies (the 'precious pregnancy' factor; Gillet et al., 2011) .
The evidence available concerning whether or not ART is connected to an increased risk of miscarriage remains uncertain (Nayak et al., 2011) . There is a high incidence of chromosomal irregularities in ART abortuses, with increasing frequency relevant to advanced maternal age, but these effects are also observed in the general population (Spandorfer et al., 2004) . It is unclear if these results derive from a direct effect of ART or fertility. For example, there is no reported association of ICSI-which has previously been linked to a higher incidence of chromosomal abnormalities and aneuploidy-with miscarriage relative to other ART procedures (Bettio et al., 2008) . However, ICSI pregnancies conceived after testicular sperm extraction do have a higher risk of miscarriage; this may be due in fact to inherent fertility defects, rather than the procedures themselves.
In summary, analysis of these complications demonstrates that reduction of multiple pregnancies is a primary goal in the field of infertility. Fortunately, the risk of multiple gestation can be managed by limiting the number of embryos transferred (ACOG Committee Opinion Number 324, 2005) and studies suggest that the overall rate of PTD and LBW has declined due to a reduction in the number of embryos transferred to the uterus (Practice Committee of the American Society for Reproductive Medicine, 2006) . For example, the transfer of four or more fresh non-donor embryos has decreased from 34% in 2000 to 12% in 2009 (CDC). On a related note, since 2000, the percentage of multiple-infant live births has decreased by 14%. It will be interesting to observe if these decreases predispose an associated decline in the prevalence of unfavorable ART outcomes (CDC).
Pediatric complications following ART use
Several studies have reported an increased incidence of birth defects and other pediatric complications in ART-conceived children (Table II; Hansen et al., 2005; Reefhuis et al., 2009; Davies et al., 2012) . Overall, the prevalence of major malformation in ART pregnancies is 4-5% as opposed to the risk in the general population of 3-4%, representing a 30% increase. Major birth defects associated with ART include cardiovascular, urogenital and gastrointestinal abnormalities (Reefhuis et al., 2009; Davies et al., 2012) . As mentioned earlier, the mechanisms underlying these changes remain unclear, although spontaneously conceiving individuals in the subfertile population also display a greater occurrence of complications.
Epigenetic alterations
One of the most studied complications of ART pregnancies is the incidence of imprinting disorders. Imprinted genes are genes in which a particular allele is inactivated in a parent-of-origin-dependent manner, and imprinting disorders arise when a maternal or paternal allele is inappropriately expressed because of abnormal DNA methylation [see these excellent reviews (Manipalviratn et al., 2009; Batcheller et al., 2011) ]. Two conditions, Beckwith-Wiedemann syndrome (BWS) and Angelman syndrome (AS), have been described as more common in ART children. BWS is a congenital growth disorder arising from mutation or epimutation of certain imprinted genes on chromosome 11, with symptoms including enlargement of several parts of the body, abdominal wall defects, mild microcephaly, hypoglycemia and increased rate of tumor development, among others (Maher et al., 2003) . The frequency of BWS is once every 13 700 pregnancies, but this increases 2-3-fold with ART. Overall, fewer than 50 ART children (out of 5 million total ART individuals) have been reported affected by BWS (Manipalviratn et al., 2009) .
AS is a disorder characterized by functionally severe developmental delays, speech impairment, motor and behavioral abnormalities (Williams et al., 1995) . Causes of AS include imprinting error, mutation, deletion or uniparental disomy of the gene UBE3A. Its prevalence in the general population is 1:12 000, although AS occurrence secondary to an imprinting error is found only once every 300 000 cases. To date, there are seven reports of children with AS born after IVF or ICSI, and 70% of these cases have imprinting defects as the etiologic factor. An additional seven cases have been identified following ovulation induction and/or intrauterine insemination (Sutcliffe et al., 2006; Doornbos et al., 2007) . While the absolute risk of these conditions is low, their increased incidence is worrisome because it might indicate more widespread, as-of-yet unidentified epigenetic changes that could affect the life-long health of ART-conceived children (Maher et al., 2003) .
The study published Katari et al. (2009) is useful toward understanding this concept. The authors examined DNA methylation at more than 700 genes in placenta and cord blood cells between newborns conceived in vitro (n ¼ 13) versus in vivo (n ¼ 10). The global changes in methylation were minimal and methylation patterns were not unique to form of conception, suggesting that IVF children do not have an obvious epigenetic fingerprint. However, placentae of IVF children had lower overall methylation, whereas cord blood had higher mean methylation at CpG sites. In addition, some individuals from the in vitro group displayed broader gene expression changes differing by more than two standard deviations from the in vivo group mean at select loci. In contrast, a recent study failed to observe global methylation differences after ART in placentae or cord blood samples (Rancourt et al., 2012) . Interestingly, the authors correlated mode of conception with small but significant methylation changes at specific imprinted loci, yet did not observe a corresponding change in transcriptional activity of the related genes. These findings would suggest that there may be epigenetic differences in children born after IVF; whether these changes are secondary to ART procedures or attributable to infertility is unknown, and larger studies are required to address these questions.
Cancer
While older studies failed to observe a greater cancer risk (Klip et al., 2001; Källén et al., 2005) , more recent analyses found a moderately enhanced risk for certain types of cancer in children conceived by IVF, which may be related to a growing IVF-conceived population (Kallen et al., 2010c) . In particular, Kallen et al. (2010a) identified 53 cases of cancer in children who were born after IVF counter to an expected 38 cases. Among these were 18 instances of hematologic cancer (15 of which were acute lymphoblastic leukemia), 17 cases of eye or central nervous system tumors and 12 occurrences of other solid tumor cancers. The total cancer risk estimate was an odds ratio of 1.42. Other studies have confirmed a greater incidence of some of these cancers in the IVF population: Petridou et al. (2012) found an increase in early onset acute lymphoblastic leukemia (RR ¼ 2.58), while Moll et al. (2003) reported an increased risk of retinoblastoma in IVF children. One study found a 9-fold increased risk of hepatoblastoma in children of parents who used infertility treatments (McLaughlin et al., 2006) , although a more recent study did not confirm these findings (Puumala et al., 2012) . Because of multiple confounding factors, it is unclear whether the reported increased risk is legitimate. As before, it remains uncertain whether the adverse health outcomes derive from the ART procedures, or are inherent characteristics of the ART patients themselves.
Long-term health
The long-term health of ART children is probably the most pressing question of the field today. Because the eldest IVF individual is in her early thirties, it is presently unknown whether ART children will have an increased incidence of age-related disorders, such as hypertension, metabolic syndrome or cardiovascular diseases (Rinaudo and Wang, 2012) . Thus far, there is no evidence of long-term behavioral or neurodevelopmental issues in ART individuals (Sutcliffe and Ludwig, 2007; Ludwig et al., 2009) . A systematic review of neuromotor development, cognition, language and behavior did not observe any increased risk of neurodevelopmental disorders after ART (Middelburg et al., 2008) . Similarly, IVF children demonstrate normal academic achievement and cognitive ability on measures of education level, school performance, rates of learning, general cognitive ability and developmental disorders (Wagenaar et al., 2008) . There is neither a difference in cognitive development of singletons conceived by ICSI at 5-8 years of age, nor significant differences in their IQ distribution (Knoester et al., 2008) . A Danish study showed that twins born after assisted conception had a similar risk for neurological sequelae as naturally conceived twins (Pinborg et al., 2004) . In contrast, there are studies suggesting an increased risk in cerebral palsy following ART use (Stromberg et al., 2002; Zhu et al., 2010) . While some reports indicate that the risk of cerebral palsy is secondary to the increased incidence of prematurity and multiple births associated with ART use (Hvidtjorn et al., 2006) , other groups have concluded a direct role for the ART procedures (Zhu et al., 2010) .
Research has also investigated a possible association between autism spectrum disorders (ASD) and assisted conception. A widespread Danish population-based study failed to observe greater risk of ASD in children born after assisted conception, after adjusting for variables such as parental age, parity, multiplicity and birthweight (Hvidtjorn et al., 2011) . Similarly, a large case -control study in California found no evidence that a history of infertility or ART treatment was correlated with increased risk of ASD among singleton births (Grether et al., 2012) . However, this group determined that for patients with a history of infertility or infertility treatment, multiples displayed an increased risk for ASD. A firmer interpretation of these results was precluded by the small sample size of multiple birth patients and the lack of detailed data on the type of ART treatment (Grether et al., 2012) .
There are limited studies analyzing growth and metabolic characteristics after ART. Psychomotor, growth and general physical characteristics, as well as overall health are similar between 5-year-old ICSI and matched spontaneously conceived children (Bonduelle et al., 2004) . However, ART children are more likely to have required health care resources by this age (Bonduelle et al., 2005) . ART does not appear to affect the onset of puberty (Ceelen et al., 2008b; Beydoun et al., 2011) , although breast development is reportedly delayed after ICSI (Belva et al., 2012b) . In addition, pubertal girls conceived by IVF appear to have advanced bone age (Ceelen et al., 2008a, b) . A case -control study comparing 69 IVF-with 71 spontaneously conceived children aged 4-10 years concluded that IVF children were taller, with slightly more favorable lipid profiles and higher insulin-like growth factor (IGF)-I and IGF-II levels (Miles et al., 2007) . The authors speculated that IVF-conceived children may possess subtle alterations in DNA methylation patterns at imprinted loci associated with growth, such as IGF-II. In contrast, there are also reports that 3-month-old singletons girls have lower serum IGF, and that ICSI-conceived children have reduced testosterone levels (Mau Kai et al., 2007) and are smaller than their target height at 3 years of age (Mau Kai et al., 2006) . Importantly, IGF and testosterone levels are related to infertility and are under genetic influence, suggesting that these characteristics may be inherited from ART-seeking parents rather than affiliated with the ICSI procedure (Mau Kai et al., 2006 .
Probably the best-conducted metabolic studies available come from a group in the Netherlands who compared 225 ART children with 225 children conceived spontaneously by subfertile patients. Natural conception by subfertile parents is a particularly important control, and the optimal way to remove a potential infertility effect. ART children (mean age 12.6) displayed subtle, yet significant changes in blood pressure and glucose levels (Ceelen et al., 2008c) , as well as altered fat deposition (Ceelen, 2007) . Similar results were recently verified by Scherrer and colleagues (Scherrer et al., 2012) in a comparison of 65 prepubertal ART children with 57 naturally conceived children, including spontaneous conceptions after ovarian stimulation. There were significant differences in systemic circulation, artery structure and pulmonary vascular function after ART, all indicative of vascular dysfunction of the systemic and pulmonary circulation. These data were not related to ovulation induction, parental factors, perinatal complications, gestational age, nor correlated with specific ART variables such as IVF, ICSI or embryo freezing. These observations were confirmed in five ART children whose siblings were conceived spontaneously within the study cohort. Conversely, a different survey reported no significant changes to blood pressure in ICSI adolescents compared with spontaneously conceived controls after correction for growth and early life characteristics (Belva et al., 2012a) . Although the clinical significance of these findings is modest, it is possible that the observed changes may amplify with age-a fact that deserves careful monitoring.
Overall, the studies describing perinatal outcomes of ART are reassuring, although often suffer from limitations such as insufficient power to detect statistically significant results in rare outcomes, or the lack of an appropriate comparison group (Buck Louis et al., 2005) . Furthermore, most studies examined infants only, and some subtle developmental disorders may manifest at older ages.
Potential ART procedures influencing adverse perinatal outcomes
As we have seen, analysis of ART complications in human literature is compounded by the use of a fertile control group. Although the infertile population is predisposed to complications of pregnancy and additional health risks, there is also growing evidence of distinct effects of ART procedures on unfavorable health outcomes. Many aspects of ART could induce changes in gametes or tissues and predispose the embryos and mother to health problems. For example, preconceptual events such as use of gonadotrophins, and/or the manipulation of gametes and embryos in the laboratory, including the type of media used for embryo culture, have been suggested as potential mechanisms altering the genome or epigenome of embryos and therefore predisposing to the above-described conditions (Johnson et al., 1995; Hansen et al., 2002; Chung et al., 2006) .
Most IVF protocols are conducted following the administration of exogenous gonadotrophins to stimulate the maturation of multiple oocytes. It is possible that the rescue of non-dominant follicles from atresia by excess gonadotrophins will permit use of developmentally incompetent oocytes, thus leading to poor outcome. A study investigating perinatal outcome in singleton pregnancies resulting from IVF in conjunction with either controlled ovarian stimulation or natural folliculogenesis revealed that natural cycle IVF infants have significantly higher birthweights (Pelinck et al., 2010) . It remains unclear whether this outcome can be related to an effect of ovarian induction on oocyte quality or on endometrial receptivity, or both. There is evidence that exogenous gonadotrophins affect oocyte epigenetics and imprinted gene expression, which may in turn influence fetal growth and development (reviewed in Santos et al., 2010) .
In vitro maturation (IVM), or the maturation of prophase I oocytes to metaphase II in vitro prior to fertilization, is a newer technology with limited follow-up of childhood health outcomes (Basatemur and Sutcliffe, 2011) . Buckett et al. (2007) investigated obstetric outcome and congenital abnormalities in pregnancies conceived after IVM, IVF and ICSI compared with those in spontaneously conceived controls. They concluded that while all ART pregnancies were associated with an increased risk of multiple pregnancy, Cesarean delivery, and congenital abnormalities, IVM was not associated with any additional risk compared with IVF or ICSI. Interestingly, the mean birthweight of IVM infants (3482 g) was higher than in control (3260 g), IVF (3209 g) and ICSI infants (3163 g) suggestive of epigenetic differences in IVM children (Basatemur and Sutcliffe, 2011) .
The use of ICSI has been regarded with suspicion, since it bypasses several events that occur during fertilization. In fact, ICSI-generated zygotes exhibit shorter, atypically patterned calcium oscillations and cleave at a slower rate, resulting in blastocysts with reduced cell number and reduced hatching rate (Giritharan et al., 2010) . Several studies have identified an increased incidence of urogenital malformations and in particular hypospadias in boys (Wennerholm, 2000; Ericson and Kallen, 2001; Bonduelle et al., 2005) . A study based on data from 5-year-old children has suggested that ICSI is associated with an increased risk of major congenital anomalies (Bonduelle et al., 2005) . However, whether the association is due to the ICSI procedure itself, or to inherent sperm defects, could not be determined because the study did not distinguish between male factor conditions and other causes of infertility. Leunens et al. (2008) compared 10-year-old singletons born through ICSI with those born after spontaneous conception and found that the ICSI children obtained verbal and performance intelligence scores comparable to those of spontaneously conceived children. No significant differences were found between ICSI and spontaneously conceived children regarding overall motor or manual skills.
One of the most prevalent concerns of ICSI are its links to chromosomal aberrations, compared with those associated with conventional fertilization in IVF cycles. Gjerris et al. (2008) reported a significantly increased rate of chromosomal abnormalities after ICSI. They found that chromosome aberrations were more common in the ICSItreated group compared with the IVF-treated group (1.3% versus 0.5%, P , 0.0001). If all chromosomal anomalies were excluded apart from those that were prenatally diagnosed, the results were still significant (4.3% ICSI versus 1.9% IVF, P , 0.01). Researchers in Belgium reported an increase in sex-chromosomal aberrations following ICSI (Bonduelle et al., 1998) . The incidence of autosomal defects was due in part to the increase in trisomies, linked with higher maternal ages. There was also an increase in structural de novo aberrations (0.36% compared with 0.07% in the general newborn population).
Another important element with the potential to affect long-term health is the composition of the culture media used. The nutrient composition of culture media has varied tremendously throughout the history of IVF. A two-part study comparing embryo development, pregnancy rate and outcome of singleton IVF pregnancies from two commercially available sequential media culture systems suggested that culture conditions influence perinatal outcomes (Dumoulin et al., 2010; Nelissen et al., 2012) . Oocytes retrieved after ovulation induction were fertilized and cultured either in G-IVF TM and G-1 TM media available from the Vitrolife G-Series TM , or K-SICM medium from Cook Medical before transfer at the 4 -8-cell stage. Cycles using G-Series TM media resulted in better quality embryos, increased implantation and pregnancy rates, and higher birthweights, including a decreased incidence of LBW and LBW for gestations carried to term. Unfortunately, the complete composition of both media are unknown, so the authors were unable to speculate as to which components might be more beneficial or deleterious for development and competence. A different group showed that culture in Universal IVF Medium over ISM1 TM medium (Origio) improves embryo quality, implantation and pregnancy rates (Xella et al., 2010) . Although the concentrations are unknown, ISM1 TM medium contains amino acids, including methionine, which would influence several metabolic and epigenetic pathways, leading to altered growth patterns.
There is also evidence that the length of in vitro culture could be important (Kallen et al., 2010b , Kalra et al., 2012 . Currently, there is a tendency to culture embryos to the blastocyst stage (5 days in culture) to allow for better embryo selection in order to reduce the risk of multiple gestations, as opposed to transferring cleavage-stage embryos (3 days in culture). Kallen et al. examined pregnancy outcome following blastocyst versus cleavage-stage transfer, determining that after adjustment for confounding variables, the risk of preterm birth and congenital malformations among singletons was significantly greater after blastocyst-stage transfer. When the analysis was restricted to clinics where both types of transfer were conducted, the risk estimates associated with blastocyst transfer increased for preterm birth, LBW, low Apgar score and respiratory diagnoses, but did not change for congenital malformations (Kallen et al., 2010b) . Prolonged culture has also been linked with increased rates of monozygotic twinning (Tarlatzis et al., 2002) .
Because multiple embryos are often produced during ART procedures, remaining healthy embryos can be cryopreserved for future use. To this end, the cryopreservation and thawing processes could uniquely affect pregnancy outcomes. Overall, the evidence is reassuring. To date, no detectable differences in rates of malformations, imprinting disorders, neurological sequelae or other malignancies exist in children after IVF with fresh or frozen embryos (Pinborg et al., 2010) . On the contrary, analysis of IVF singleton pregnancies conceived after cryopreserved versus fresh cycles showed a significantly decreased prevalence of LBW, preterm delivery, Cesarean section (Pinborg et al., 2010) , as well as decreased rates of placenta previa (Sazonova et al., 2012) after frozen embryo transfer. One group additionally reported that transfer of cryopreserved embryos was associated with decreased perinatal morbidity (Kansal Kalra et al., 2011) . However, frozen embryo transfers are associated with an increased incidence of pre-eclampsia, perinatal mortality, and macrosomia (.4500 g). The latter results are particularly significant because large offspring syndrome after IVF is commonly observed in sheep and cattle, and may derive from epigenetic mechanisms (Young et al., 1998; Sinclair et al., 2000) . While the reason of improved outcome is unclear, it may be related to lower estrogen levels and therefore improved endometrium associated with frozen embryo transfer (Mitwally et al., 2006; Shih et al., 2008; Pelinck et al., 2010) . However, until larger numbers of children have been born following freezing and thawing of embryos, it is not possible to ascertain that the rate of abnormalities after frozen embryo transfer deviates from fresh cycle rates.
Furthermore, it is possible that different outcomes present according to the stage at which embryos are cryopreserved. One group reported that cleavage-stage embryos are more likely to survive freeze/thaw cycles, without a significant effect on pregnancy or birth rates (Salumets et al., 2003) . Finally, the existence of differing embryo freezing techniques (slow freezing versus vitrification), could play an important role. A randomized controlled study of human cleavage stage embryo cryopreservation by slow freezing or vitrification showed that vitrification was associated with higher survival after thawing, metabolic rate, and blastocyst formation (Balaban et al., 2008) .
Insight provided by rodent studies
Animal models of ART offer an alternative way to develop and improve ART procedures, as well as investigate their effects on health. Importantly, the use of animal models removes the fertility factor, permitting in-depth analysis of potential effects of ART techniques without the variability caused by subfertility. A caveat is that requirements for fertilization and preimplantation development can vary across different mammalian species; caution must therefore be exercised because animal models might provide an incomplete or inaccurate view of the demands of the human embryo and fetus (He et al., 2010) . For example, rodents carry large litters (n ¼ 8-12 pups) for short ( 21 day) gestations, indicating energetic requirements distinct from human pregnancy. Rodents additionally exhibit unique physiology during development: mice have functional brown adipose tissue throughout life, and maturation of metabolic tissues and hormonal regulatory networks occurs at different times than in humans (Rinaudo and Wang, 2012) . However, the studies conducted using mammalian models of fertilization and preimplantation development impart enormous promise for further optimizing ART techniques and minimizing potential hazards. Here, we explore the use of animal models to investigate the effects of fertilization method and culture conditions on developmental potential, gene expression and postnatal growth, with particular attention to insights provided from murine studies.
Embryonic development
Numerous reports have demonstrated an effect of fertilization method and preimplantation culture environment on a variety of embryo characteristics, including morphology, developmental potential, growth velocity, cell number and lineage ratio and gene expression (Ho et al., 1995; Zhao et al., 1995; Zhao and Baltz, 1996; Edwards et al., 1998a, b; Gardner, 2000, 2003; Rinaudo and Schultz, 2004; Rinaudo et al., 2006; Giritharan et al., 2007; FernandezGonzalez et al., 2009; Smith et al., 2009; Delle Piane et al., 2010; Goovaerts et al., 2011; Hentemann et al., 2011) . Components of the culture environment influencing development include composition of culture media, pH, oxygen tension, temperature and culture dish elasticity. Schwarzer et al. (2012) effectively demonstrated the importance of the preimplantation environment in a study comparing 13 human ART culture protocols on the developmental competence, cell lineage composition and global gene expression of mouse zygotes. They found culture medium-specific differences in blastocyst and fetal developmental rates, litter sizes and transcriptome profiles. Most surprisingly, rates of blastocyst and fetal potential were only moderately correlated (R 2 ¼ 0.337), which questions the use of blastocyst formation and morphology as an accurate predictor of successful implantation and development to term. Fertilization by IVF or direct penetration of the zona by ICSI also significantly impacts embryonic development: ICSI embryos have fewer ICM and TE cells, and display altered patterns of metabolic and developmental gene expression that is largely independent of culture conditions (Giritharan et al., 2010) . IVF blastocysts have an increased ICM:TE cell ratio, with over 300 and 100 genes differentially expressed in each respective lineage after IVF (Giritharan et al., 2007 (Giritharan et al., , 2012 .
Fetal and placental growth
Animal studies show a clear effect of preimplantation embryo manipulation and culture on post-transfer viability and potential. Not only do IVF placentae originate from fewer TE cells, but IVF fetal and placental growth trajectories are significantly different throughout mouse fetal development. In one mouse study we examined the fetal effects of IVF after optimal or suboptimal culture conditions, compared with in vivo control embryos flushed from mouse oviducts and transferred into pseudo-pregnant recipient females (Delle Piane et al., 2010) . The more severe culture environment resulted in higher abortion rates, delayed development, smaller fetuses and larger placental weights compared with optimal conditions or the in vivo group. Interestingly, fetuses displayed rapid catch-up growth during the second half of gestation and birthweights were not different between IVF and control animals, although the IVF placentae transported neutral amino acids less efficiently ( Fig. 1; Bloise et al., 2012) . The findings of normal birthweight in the IVF group in spite of the altered placental and fetal growth curves and modified placental transport suggest that birthweight is a weak indicator of fetal growth and nutrition (Bloise et al., 2012) . Other groups have similarly reported impaired embryo viability after IVF or preimplantation embryo culture (Holm et al., 1996; Fernandez-Gonzalez et al., 2004; Block et al., 2010 Block et al., , 2011 Bermejo-Alvarez et al., 2012) .
Post-natal and long-term consequences
The successes of ART procedures are defined by the birth of a live, healthy baby. To this end, post-natal effects occurring outside of the neonatal period are often overlooked. Because the eldest IVF individual has just reached her mid-30s, animal models become especially important in determining potential consequences of ART in adulthood. In 2004, Ecker et al. (2004) demonstrated that adult mice cultured in vitro from the 2-cell to blastocyst-stage exhibit decreased anxiety and impaired spatial memory, without a significant effect of culture or embryo transfer on development to term. Alterations in anxiety levels and memory based upon different preimplantation culture conditions were similarly observed by Fernandez-Gonzalez et al. (2004) , and these authors extended their analyses to show that in vitro culture can affect organ size, as well as the development of pneumonia, steatosis and kidney inflammation pathologies. Embryo culture additionally has a significant role in the increased incidence of large offspring syndrome in cattle (reviewed in Sinclair et al., 2000) .
Beyond behavioral changes, there is evidence of affected metabolism after ART. Embryo culture increases systolic blood pressure in 21 week mice independent of litter size, maternal origin or body weight, as well as modifies expression of genes regulating cardiovascular and metabolic physiology (Watkins et al., 2007) . Our laboratory has evidence that conditions of fertilization and preimplantation Figure 1 IVF fetuses and placentae display unique growth trajectories during mouse prenatal development. Mouse IVF fetal (yellow) and placental (blue) weights are normalized to in vivo (green) control embryos (conceived in vivo and flushed from oviducts at the blastocyst stage). At implantation, IVF blastocysts contain fewer ICM and TE cells. Following implantation, there is rapid and continuous proliferation of placental tissue throughout prenatal development and the IVF placentae are 30% larger than controls at E18.5. Importantly, the IVF placentae are less efficient and transport a reduced amount of neutral amino acids. IVF fetuses on the contrary are slow-growing in early gestation; in later gestation they display rapid catch-up growth, possibly due to increased placental size. At birth, there is no significant difference in birthweight between IVF and control mice, suggesting that birthweight is not a reliable predictor of fetal health. (*) indicates significant difference, P , 0.05. Adapted from Bloise et al. (2012) . development of mouse embryos are linked with long-term growth and glucose homeostasis in adulthood (Rinaudo et al., 2009) . Global metabolomic analyses of adult liver and serum demonstrate that IVFderived mice have unique metabolic profiles, with changes in several pathways affecting glucose metabolism . However, there is no evidence that embryo culture affects longevity in mice (Sommovilla et al., 2005) .
Transgenerational effects have also been described. The progeny of in vitro cultured (IVC) mouse embryos (F1 generation) have lower body weights at weaning, and exhibit organomegaly of the brain, pituitary and kidney (Mahsoudi et al., 2007) . One group observed that male IVC mice transmit glucose intolerance and organomegaly into the F1 and F2 generations, suggesting an irreversible effect of preimplantation environment on adult phenotype (Calle et al., 2012) .
As described in this section, an important lesson from animal models is that different fertilization methods and preimplantation environments consistently establish distinct developmental profiles. Varying ART conditions may affect the cell number, lineage ratio, growth velocity or pattern of gene expression compared with in vivoderived control embryos, but each outcome is unique to that condition. Consequently, changes to the preimplantation environment can result in embryos that are comparable or dissimilar to in vivo-derived embryos, but not necessarily 'better' or 'worse'. This implies that the circumstances surrounding preimplantation development affect specific regulatory pathways, or exert an influence on development through a defined mechanism.
Molecular mechanisms
Reports of adverse fetal growth and pregnancy outcome in animal models not only corroborate the similar findings in humans, but also indicate that these consequences are a result of ART procedures, rather than the infertility condition per se. It is therefore essential to understand the potential mechanisms responsible for the observed findings, so that improved culture conditions may be developed to minimize negative health effects. A validated conceptual framework is provided by the Developmental Origins of Health and Disease (DOHaD) hypothesis. This hypothesis states that different environmental conditions occurring at critical points during development have the potential to inform developmental trajectories (Barker, 1998) . This concept relies on the understanding of developmental plasticity, which provides one genotype the potential to engender a variety of morphological, physiological or metabolic phenotypes. In particular, if the developing individual is exposed to suboptimal or stressful circumstances that do not accurately represent the post-natal environment, the embryo may reprogram patterns of gene expression or metabolic pathways in a manner conferring an immediate survival advantage, yet rendering it ill-equipped to cope with future events, with consequences for adult fitness ( Fig. 2 ; Bateson et al., 2004; Wadhwa et al., 2009; Low et al., 2011) .
More recently, it has been established that developmental periods susceptible to predictive adaptive responses include the fertilization and preimplantation stages. For example, maternal undernutrition specifically during preimplantation stages of rat development affects blastocyst viability, and results in different birthweight, post-natal growth rate, organ sizes and hypertension (Kwong et al., 2000) . This implies that maternal or in utero stress can trigger adaption to the developmental program. It follows that reprogramming has profound significance for ART, which rely on procedures of gamete manipulation, preimplantation culture, cryopreservation and embryo transfer. That these techniques may be perceived by the embryo as stressorsand ultimately facilitate permanent changes to cell fates or metabolism-demands further exploration.
Epigenetic
Despite the majority of our cells containing the identical genomic blueprints, most cells adopt unique tissue-specific identities conferred by stable patterns of gene expression. Cell fates are determined largely by epigenetic profiles established during development, such that mechanisms of developmental plasticity may depend on a balance between flexible and permanent adjustment to expression profiles influenced by stochastic environments. Epigenetic regulation occurs at the DNA level via methylation of cytosine bases residing in CpG dinucleotides (Ooi et al., 2009) , or by modification of histone proteins through methylation, acetylation, ubiquitination, sumoylation or phosphorylation (Zhang and Reinberg, 2001 ). These covalent moieties combine into epigenetic signatures that affect gene expression through a variety of mechanisms, including (but not limited to) control of gene accessibility by relaxation or condensation of chromatin, the recruitment of chromatin remodeling enzymes, and occlusion of transcriptional machinery (Fischer et al., 2008; Burdge and Lillycrop, 2010) .
Disruptions of epigenetic processes occurring during embryonic and fetal development may contribute to disease-related outcomes, which is relevant in particular to many ART procedures. Preimplantation development is a period of significant epigenetic reorganization, during which the complementary parental genomes undergo dramatic global demethylation and remethylation events (reviewed in Reik, 2007) . Shortly after fertilization, rapid demethylation of the male pronucleus occurs by an active, though incompletely understood mechanism. By comparison, methylation marks in the maternal genome are passively removed over the course of several cell divisions by consecutive cycles of chromatin replication and segregation (Saitou et al., 2012) . Imprinted genes escape demethylation and are involved in governing normal embryonic and placental development. Novel methylation signatures are largely re-established by the peri-implantation stage, and changes in methylation status are believed to control pluripotency, permitting cells to adopt different fates. Because of the extensive reorganization of chromatin during preimplantation development, the embryo may be particularly vulnerable to perturbation at this time: early environmental signals could elicit epigenetic modifications to permanently shape metabolism, and disease risk (Haaf, 2006) .
It is possible that suboptimal conditions or inappropriate nutritional cues can disturb epigenetic programming of metabolic gene networks, such that certain adaptations conferring immediate survival advantages in culture may be somatically maintained and contribute to a variety of post-natal consequences. This could account not only for the increased observation of epigenetic disorders in IVF-conceived individuals, but also for long-term changes to metabolic profiles. Preimplantation culture has been associated with global DNA methylation changes in mice, rats, pigs and humans (Shi and Haaf, 2002; Zaitseva et al., 2007; Katari et al., 2009; Deshmukh et al., 2011) , as well as several locus-specific regions (see below).
Although imprinted genes encompass 0.1-0.5% of the genome, they play a pivotal role in early development by controlling processes such as nutrient consumption and the cell cycle (Fowden et al., 2006) . Inappropriate regulation of imprinted genes-inherited, sporadic or environmentally induced-has been associated with diseases of growth and development (Miozzo and Simoni, 2002) . Different forms of ART affect several imprinting control regions in mice Tremblay et al., 2000; Mann et al., 2004; Rivera et al., 2008; Giritharan et al., 2010 Giritharan et al., , 2012 Bloise et al., 2012) . One very interesting study published this year compared embryo growth rates with imprinting regulation. Although counterintuitive, the authors observed that slower developing embryos were most similar to in vivo controls; faster embryos displayed greater embryo volume and cell number, yet imprinted and metabolic gene expression was dysregulated (Market Velker et al., 2012) . Because embryo culture creates an 18 -24 h delay in development (Bowman and McLaren, 1970; Harlow and Quinn, 1982) , faster embryos were historically regarded as optimal. This new evidence that slower developing embryos may in fact best achieve 'normal' development patterns suggests a need to reevaluate embryo selection criteria, utilizing biochemical markers over morphological or growth rate assessments.
Metabolism
Excellent reviews already exist describing the fluctuating metabolic needs of preimplantation embryos. Analysis of metabolic physiology Figure 2 Suboptimal preimplantation environments may irreversibly alter developmental competence. During fertilization and preimplantation development, embryos respond to the environment (growth factors, nutrient availability) by fine-tuning gene expression networks, metabolic pathways and epigenetic marks. Aberrant or suboptimal signals may alter the intracellular metabolic states, leading to permanent adaptations to gene expression and the establishment of altered metabolic pathways and epigenetic marks. This will affect prenatal development and post-natal growth, with deleterious consequences for adult fitness.
in preimplantation embryos indicates diverse nutritional requirements during development from zygote to blastocyst (Brinster, 1965; Biggers et al., 1967) . Consequently, preimplantation development occurs over a dynamic range of conditions, demonstrating strong metabolic plasticity and the ability of embryos to compensate for nutrient variability at this time (Edwards et al., 1998a; Leese, 1988, 1990; Horsthemke and Ludwig, 2005) . Importantly, the dynamic metabolic environment characteristic of the female reproductive tract is lost with in vitro culture. Furthermore, culture conditions considered the most optimal for development affect the expression of several nutrient transporter genes, suggesting that the intracellular metabolic state of IVF-derived embryos is unique (Rinaudo and Schultz, 2004) .
New evidence has emerged revealing that the expression of particular metabolic enzymes can affect chromatin remodeling to regulate gene expression (Rathmell and Newgard, 2009 ). Wellen et al. elegantly linked metabolism and epigenetics by demonstrating that ATP citrate lyase, which catalyzes the production of acetyl-coA from citrate, localizes to the nucleus and is the chief provider of acetyl moieties for histone acetylation (Wellen et al., 2009) . The presence of ATP citrate lyase and resulting acetylation events affect cell cycle progression and adipocyte differentiation in a glucose-dependent manner, indicating a key role of cellular metabolic state in crucial developmental processes. If the availability of different metabolites affects chromatin organization, and the critical preimplantation stages of permanent gene reprogramming are disturbed due to unusual developmental circumstances imposed by ART, this offers a reasonable mechanism by which embryo conditions influence metabolic programming and change the future metabolic potential of cells irreversibly.
Conclusions and future perspectives
Recent reports have identified the fertilization and preimplantation stages as critical periods of developmental plasticity. As a result, gamete manipulation and in vitro culture procedures associated with various ART procedures potentially profound consequences for developmental trajectories. While the majority of IVF children are healthy, the evidence presented in this review indicates that ART children possess unique developmental programs. Animal models have broadened these observations, and suggest that there exist additional, longer-term effects on adult metabolic and cardiovascular health. These effects may remain latent until adulthood or the presentation of an additional stressor, but the evidence that preimplantation conditions have a measurable effect that persists beyond the embryonic period is undeniable. This warrants increased research efforts toward investigating the developmental, growth and metabolic requirements of an embryo prior to implantation, as well as improving identification strategies for distinguishing favorable outcomes of ART. Although blastocyst morphology and birthweight are the most ubiquitous, non-invasive means of measuring embryonic and fetal health (respectively) today, they may not be reliable predictors of future health. To this end, there is a need for better markers of ART 'success', which would not only affect embryo selection protocols before transfer, but also aid the identification of increased risk for different pathologies that might originate during periods of early developmental sensitivity (Bromer and Seli, 2008) .
